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Abstract

Accurate heats of formation are computed for NFn and NFn +, for n = 1-3. The geometries

and the vibrational frequencies are determined at the B3LYP level of theory. The

energetics are determined at the CCSD(T) level of theory. Basis set limit values are

obtained by extrapolation. In those cases where the CCSD(T) calculations become

prohibitively large, the basis set extrapolation is performed at the MP2 level. The

temperature dependence of the heat of formation, heat capacity, and entropy are computed

for the temperature range 300 to 4000 K and fit to a polynomial.



1.Introduction

NFnandNF,,+speciesareinvolvedin etchinganddepositionreactions.Modeling of such

processesrequires accurate thermochemical information on the reacting species.

Experimentalheatsof formationfor the neutralspecies,NFn(n = 1-3),are reportedby

JANAF [1]. The uncertaintiesassociatedwith thesevaluesvary significantly with the

numberof fluorine atoms.Forexampletheerrorbar for NF2is 1.9kcal/mol while for NF

the errorbar is 7.9 kcal/mol.Theoreticalheatsof formationfor NFnwere computedby

Melius andHo usingthe BAC-MP4(SDTQ) approach[2]. Their valuesaresmaller than

the JANAF valuesfor all systems,with a maximumdifferenceof 5.6 kcal/mol for NF.

The experimentalheatsof formation for the cationsareobtainedby using the heatsof

formationfor thecorrespondingneutralspeciesandtheir ionizationpotentials(IPs).The

accuracyof theexperimantalIPsdepends on the linear extrapolation of the yield curve to

the zero limit. The determination of the ionization threshold can be affected by the

presence of vibrationally excited molecules, molecules in metastable states or Rydberg

states. In addition large geometry changes between the neutral and the ion can result in

very small Franck-Condon factors making the determination of the adiabatic value very

difficult. Given the uncertainty in the IPs and the heats of formation it is valuable to

compute as accurately as possible the thermochemical values of both NF,, and NF, ÷ and

compare them with experiment. In the present paper the coupled cluster singles and

doubles approach [3], including the effect of connected triples determined using

perturbation theory [4], CCSD(T), is used in conjunction with extrapolation to the

complete basis set (CBS) limit to obtain accurate Do (298 K) values for systems as large

as NF2 and NF2*. Unfortunately for NF3 and NF3 ÷ it is not possible to use this approach



due to large disk space requirements. An alternative way to obtain the CCSD(T) CBS

values [5] is to correct the CCSD(T) results using the second-order M¢ller-Plesset [6]

(MP2) CBS values and we use this approach for NF3 and NF3 +.

2. Methods

Geometries are fully optimized and the harmonic frequencies computed using Density

Functional Theory (DFI'), in conjunction with the hybrid [7] B3LYP [8] functional and

the 6-3 l+G* basis set [9]. The zero-point energy is computed as one half the sum of the

B3LYP/6-31+G* harmonic frequencies. The DFT calculations are performed using

Gaussian94 [10]. For open-shell molecules energetics are computed using the restricted

coupled cluster singles and doubles approach [3,11] including the effect of connected

triples determined using perturbation theory [4,12], RCCSD(T). In most calculations,

only the valence electrons are correlated, namely the N 2s and 2p and F 2s and 2p. These

calculations are performed using the augmented-correlation-consistent polarized valence

(aug-cc-pV) sets developed by Dunning and coworkers [13-15]. We use the augmented

triple zeta (ATZ), quadruple zeta (AQZ) and quintuple zeta (A5Z) sets. The CCSD(T)

results are extrapolated to the basis set limit using several extrapolation techniques: the

two-point scheme (n 3) described by Helgaker et al. [16], the two-point (n-4), three-point

(n "4 + n "6) and variable _t (n a) schemes described by Martin [17]. Core-valence (CV)

calculations are performed by adding the N Is and F Is electrons to the correlation

treatment. Three core-valence basis sets are developed and are denoted CV(tz), CV(qz)

and CV(Sz). They are derived from the corresponding aug-cc-pV sets by contracting the

first five (CV(tz)), six (CV(qz)) and seven (CV(5z)) s primitives to one function for both



N and F. For all three basis sets, the rest of the s functions and all of the p functions are

uncontracted. Three even-tempered tight d and two even-tempered tight f functions are

added to both N and F in all three basis sets. A 13value of 2.5 is used for the d functions

and a value of 3.0 is used for f functions. The CV effect is computed as the difference

between correlating only valence electrons and correlating the valence plus inner-shell

electrons, with both calculations performed using the CV basis sets. All the CCSD(T)

calculations are performed using Molpro96 [18].

In our recent study [19] on NF and NF*, we computed the spin-orbit effect for NF + using

a state-averaged complete-active-space self-consistent-field/internally contracted

multireference configuration interaction (SA-CASSCF/ICMRCI) [20] calculation using

Molpro 97.5 [21]. The spin-orbit effect was taken as one half the separation between the

2I-Ii/2 and the 2][3/2 levels [22]. For all the remaining systems considered in the present

work, the spin-orbit effect is obtained by using the accurately known spin-orbit splittings

in the atoms. For the atoms, the difference between the lowest mj component and the mj

weighted average energy [23] is used.

3. Results and Discussion

The computed and extrapolated bond energies reported in Table 1 are obtained by using

geometries optimized at the B3LYP level of theory. To test the effect of geometry on

bond energies we optimize both NF and NF* using the ATZ, AQZ and A5Z basis sets at

the CCSD(T) level of theory and we compute the bond energies by extrapolation to the

basis set limit. The zero-point energies are computed using the corresponding CCSD(T)

frequencies. For NF the bond energy changes by only 0.01 kcal/mol and for NF* by only
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0.16kcal/mol.Theerror for the largersystemNF3*couldbeaslargeas0.48kcal/mol but

most probably less. Therefore we can conclude that geometry does not affect the

computedbondenergiesfor the neutralsand affectsonly marginally the computedbond

energiesfor thecations.

The three-pointMartin (n "4 + n "6) and the variable ot extrapolated values are in very good

mutual agreement for both CCSD(T) and MP2 results. The CBS values reported in Table

1 are the average of the three-point Martin (n "4 + n "6) and variable ot extrapolated values.

The 0t values are usually between 4.0 and 4.7, confirming that the extrapolations are fairly

accurate. For NF3 ÷ the MP2 o_ value is 8.9 indicating some problems in the extrapolation.

A comparison of the AQZ and A5Z MP2 values for NF3 ÷ shows that they are almost

identical which makes the extrapolation more difficult. Despite this difficulty we are

confident that the NF3 ÷ extrapolated value is accurate as the three-point Martin (n 4 + n 6)

and variable o_ extrapolated values are in reasonable agreement.

The MP2 bond energie:,_ are overestimated but the MP2/CCSD(T) ratio is virtually

independent of basis set and can be used to obtain CBS CCSD(T) values [5]. In the case

of NF3 and NF3 ÷ the CCSD(T) AQZ and A5Z calculations were intractable due to large

disk space requirements zmd the CBS CCSD(T) values given in parentheses are obtained

by multiplying the CCSD. T) (ATZ) values by the ratios MP2(CBS)/MP2(ATZ).

In our recent study [ 19] we computed the bond energies for NF and NF + with and without

correcting for BSSE and extrapolated the values to the CBS limit. The BSSE effect does

not affect significantly the extrapolated values and we do not evaluate it for the larger

systems. The D_ CBS values for NF and NF reported in Table 2 are obtained by taking



theaverageof thethree-pointMartin (n4 + n "6) and variable o_ values, computed with and

without BSSE correction.

The D,. CBS values are corrected for CV effects, spin-orbit effects, zero-point energy, and

thermal effects, and are reported in Table 2. The CV contribution for the neutrals is

negligeable (0.02 kcal/mol) and appears to be the same for all the neutrals. For the cations

the CV contribution is slightly larger (0.27 kcal/mol) and also appears to be the same for

all the ions. The bond energies are larger for the cations than for the neutrals. The

difference is particularly important for NF and NF. The N-F bond is stronger for the

ground (2rI) state of NF than for the ground (3Z) state of NF due to some donation of the

F _ orbital to the empty N 2p orbital giving the cation some double bond character.

The bond energies at 298 K (D298) are combined with the well-known experimental

enthalpy of formation (at 298 K) of NF3 [1] (-31.57 ± 0.27 kcagmol) and of F [1] (18.97

_+0.07 kcaVmol) to compute the enthalpies of formation given in Table 3. The enthalpy of

formation of N ÷ is obtained using the computed enthalpy of formation of N and the

experimental IP of N [24] (335.165 ± 0.001 kcal/mol). Our enthalpy of formation of N is

in very good agreement with the JANAF value. Given the excellent agreement for the

atomization energy of NF3, we estimate that our maximum error bar is 2 kcal/mol. For the

neutrals, our values lie between those of Melius and Ho and those of JANAF and they

agree to within their error bars. For the ions, there is good agreement between our values

and the experimental values of Lias [25] for NF and NF2 +, while for NF3 ÷ our value

differs by 5 kcal/mol with experiment. This difference is surprising considering our

estimated uncertainty, The value reported by Lias is obtained using the NF3 heat of

formation and its IP. Given the accuracy of our NF._ atomization energy we suspect that



the difference is due to the experimentalIP for NF._[26]. To test this hypothesiswe

compute the adiabatic ionizaton potentials for the NFn÷ speciesusing the CCSD(T)

approachin conjunction with the ATZ, AQZ, and A5Z basis setsand the valuesare

reportedin Table4 alongwith experiment[26,27]. We first notethe weakdependenceof

theIP on thebasis set/'or NF andNF2.Our bestvaluesareabout0.03 eV smaller than

experiment,and eventhe ATZ valuesareonly 0.06 eV too small. For NF3our value is

0.36eV smaller thanexperiment.Thecomputedadiabaticandvertical IPs for NF3differ

significantly from each other due to large changesin geometry.An inspection of the

experimentalyield curvein reference[26] suggeststhat it is indeeddifficult to extrapolate

to theadiabaticlimit. Our calculationssuggestthat theexperimentaladiabaticlip for NF3

is too largeby 0.2-0.3eV.

We use our computedheatsof formation at 298 K and the B3LYP geometriesand

frequenciesto evaluatetheheatcapacity,entropy,andheatof formationfrom 300 to 4000

K. Theparametersobtainedfrom theresultingfits canbe foundon theweb [28].

4. Conclusions

Bondenergiesareobtainedfor NFnandNFn÷,for n = 1-3,usingtheCCSD(T) approach

andby extrapolationto thecompletebasissetlimit. High accuracyis achievedby taking

into accountcore-valencecorrelationeffects,spin-orbit effects,zero-point energy,and

thermaleffects.The resultingbondenergiesat 298 K are usedin conjunctionwith the

accuratelyknown heatsof formationof NF3and F, andthe IPof N to obtainthe heatsof

formation of all the remaining systems.Our heats of formation agree with the

experimentalvaluesand with thevaluesof Melius and Ho within their respectiveerror



bars.For NF3 + our computed value does not agree well with experiment. We suggest that

the discrepancy is due to an overestimated experimental IP for NF3. The temperature

dependence of the heat of formation, the heat capacity, and entropy are computed and fit

to the standard 14 coefficients, which are available on the web.
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Table 1:Computedbondenergies,in kcal/mol,without zero-pointenergies.

Molecule Method

N-F CCSD(T)

MP2

NF-F CCSD(T)

MP2

NFe-F CCSD(T)

MP2

N*-F CCSD(T)

MP2

NF-F CCSD(T)

MP2

NF2÷-F CCSD(T)

MP2

ATZ

72.96

76.27

65.34

70.64

59.19

66.03

125.89

131.34

80.31

86.91

34.52

39.11

AQZ

75.34

78.56

67.06

72.44

67.31

128.50

134.05

81.97

88.69

40.02

A5Z

76.02

79.31

67.51

73.0

67.70

129.21

134.86

82.37

89.20

40.11

CBS a

76.50

79.94

67.79

73.45

(60.96)

68.0

129.69

135.47

82.60

89.56

(35.39)

40.09

a Average of the three-point Martin (n "4 + n -6) and variable _ extrapolated values. The

values in parentheses are estimated using the CBS MP2 values.

t, The a value is obtained by the variable o_extrapolation.

_b

4.508

3.914

4.859

4.083

4.235

4.675

4.271

5.225

4.514

8.875



Table2: Computedbondenergies,in kcal/mol,correctedfor core-valenceeffects,spin-
orbit effects,zero-pointenergy,andthermaleffects.

N-F

NF-F

NF2-F

N÷_F

NF+-F

NFz*-F

DeCBS

76.62"

67.79

60.96

129.80"_

82.60

35.39

+CV

76.64

67.81

60.98

130.07

82.87

35.66

+SO

76.25

67.42

60.59

129.64

82.48

35.27

+ZPE

74.62

65.37

57.97

127.38

80.09

32.61

D298

75.57

66.48

59.21

128.56

81.27

33.85

a Average of the three-point Martin (n 4 + n "6) and variable o_ extrapolated values,

computed with and without BSSE correction.



Table 3: Enthalpies of formation, in kcal/mol, at 298 ° K.

NF3

NF2

NF

N

+

NF+

NF2 +

NF3 +

Present work

(-31.57 _+0.27) a

8.67

56.18

112.78

449.65 b

340.06

27776

262.88

Melius & Ho [2]

-28.0 _.+1.4

7.9_+2.2

53.9 _+ 1.9

JANAF [I]

-31.57 -+ 0.27

10.1 -+ 1.9

59.50 -+ 7.9

112.97 -+ 0.024

449.84 _+0.10

" The value in parenthesis is taken from JANAF [1] and is used as a reference point.

b The enthalpy of formation of N+ is computed from the enthalpy of formation of N, and

the experimental IP(N), and the enthalpy of the electron.

c The reported 0° K value is converted to 298" K.

Lias [25]

339.2 c

275

268



0,2
O,

u_

¢q .-_ "" Ol
o o. o

Oq " 0

N ÷1 +1 +!

Cxl ',0

< _ .-

¢;

0

0
._.

N

0

o

e_
E
O

e_

0

c_

L.

< c-I _

c-I

•_ [.., [-- [.-,

_ r..) r..)

Z Z Z
0

c-

o

°_


